Introduction
Prion diseases comprise a group of fatal neurodegenerative disorders that affect humans and animals. The associated histopathological features, such as spongiform brain degeneration, represent the main consequences of the cerebral deposition of a misfolded isoform (PrP Sc ) of the cellular prion protein (PrP C ), often into amyloid plaques. 1 Human PrP C is a soluble and monomeric cell surface sialoglycoprotein that exhibits significant susceptibility toward proteinase K (PK) digestion. The globular C-terminal domain adopts a predominantly α-helical fold, whereas the N-terminal part is considered to be largely unstructured. 2 Conversely, PrP Sc resembles an insoluble aggregated protein multimer characterized by an enhanced PK resistance and an increased amount of β-sheet conformation. 3 According to the widely accepted "protein-only" hypothesis, PrP
Sc is the infectious and transmissible agent, which serves as a template for the transition of PrP C on the pathway of a selfpropagating autocatalytic conversion process. 4 About 85% of all known human prion cases arise spontaneously, whereas mutations within the folded C-terminal domain of PrP C provoke an inherited form of Creutzfeld-Jakob disease. 5 An acquired variant (vCJD) has been linked to the transmission of the infectious agent by contaminated beef. Prion diseases comprise a group of fatal neurodegenerative disorders characterized by the autocatalytic conversion of the cellular prion protein PrP c into the infectious misfolded isoform PrP sc . Increasing evidence supports a specific role of oxidative stress in the onset of pathogenesis. although the associated molecular mechanisms remain to be elucidated in detail, several studies currently suggest that methionine oxidation already detected in misfolded PrP sc destabilizes the native PrP fold as an early event in the conversion pathway. To obtain more insights about the specific impact of surface-exposed methionine residues on the oxidative-induced conversion of human PrP we designed, produced, and comparatively investigated two new pseudosulfoxidation mutants of human PrP 121-231 that comprises the well-folded c-terminal domain. applying circular dichroism spectroscopy and dynamic light scattering techniques we showed that pseudosulfoxidation of all surface exposed Met residues formed a monomeric molten globule-like species with striking similarities to misfolding intermediates recently reported by other groups. however, individual pseudosulfoxidation at the polymorphic M129 site did not significantly contribute to the structural destabilization. Further metal-induced oxidation of the partly unfolded pseudosulfoxidation mutant resulted in the formation of an oligomeric state that shares a comparable size and stability with PrP oligomers detected after the application of different other triggers for structural conversion, indicating a generic misfolding pathway of PrP. The obtained results highlight the specific importance of methionine oxidation at surface exposed residues for PrP misfolding, strongly supporting the hypothesis that increased oxidative stress could be one causative event for sporadic prion diseases and other neurodegenerative disorders.
Increasing evidence suggests a causal link between oxidative stress and prion diseases, supporting a protective role of PrP C by acting as an antioxidant. 7, 8 In proteins, particularly the sulfur containing side chains of cysteine (Cys) and methionine (Met) residues are most sensitive to oxidation by highly reactive oxygen species (ROS). 9 Copper redox cycling in the presence of physiological reductants, e.g., ascorbate, is the main source of ROS formation in the organisms, converting the moderate hydrophobic thioether side chain of methionines into a more hydrophilic sulfoxide that frequently affects the structural integrity of proteins. 9 In healthy tissue this chemical posttranslational modification is usually reversed by cellular methionine sulfoxide reductases. 10 However, in older ages, the loss of protection mechanisms due to a compromised activity of recycling enzymes induces an imbalance that results in increased methionine oxidation, which is observed in an accumulating number of proteins. 9, 11 Methionine sulfoxidation is known to be involved in positive cell signaling, but may also lead to the onset of protein misfolding diseases.
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Moreover, an endogenous scavenger role was attributed to methionines, protecting vital sites of other proteins from damage as a first defense mechanism. 12 Mammalian PrP C is particularly prone to oxidation due to its unique high number of Met residues. Indeed, Met-sulfoxides have frequently been detected in brain deposited PrP Sc isoforms and are currently discussed to be a distinct and specific signature for pathogenic prion proteins. [13] [14] [15] Since minor stochastically formed covalent modifications of the PrP polypeptide chain by environmental factors are assumed to be the initial event within the misfolding cascade, 16 Met oxidation is now considered to be one destabilizing trigger that causes the cascade of events leading to PrP misfolding and formation of toxic species in prion diseases. [16] [17] [18] [19] In the structured globular domain of human PrP (residues 125-231), Met129, Met134, Met154, and Met166 are surface exposed and therefore accessible to immediate oxidation, whereas Met205 and Met206 are completely and Met213 is partially buried. Several recent studies highlight that in particular the oxidation of the (partially) buried methionines located within helix 3 (Met205, Met206, and Met213) perturbs the hydrophobic core of PrP, resulting in the formation of monomeric molton globule-like species with a high aggregation propensity that could represent folding intermediates on the conversion pathway. 15, [17] [18] [19] [20] However, slight conformational rearrangements are assumed to initially occur to provide accessibility of the so far buried helix 3 methionines to ROS. The consequences of further structural destabilization depend on the experimental conditions, including the formation of amorphous aggregates, of β-sheet enriched oligomers, or of amyloid fibrils, as well as β-cleavage. 16, 17, 19, [21] [22] [23] [24] Another prominent relevance for destabilizing the native PrP fold was attributed by mutagenesis studies to polymorphic Met129 (M129V), 25 which modulates the risk and phenotype of prion diseases in humans. 26 We recently reported that both UV light and metal-induced oxidation significantly affect the structural integrity of recombinant PrP. 21, 27 Depending on the number of oxidation susceptible residues that varies between the sequences of prion proteins from different mammalian species, two independent aggregation pathways have been observed, resulting in complete protein unfolding as well as in prion-like structural conversion into soluble β-oligomers, which share a high degree of identity with oligomeric species formed after application of other triggers. 28 In line with the previous studies of ours and others summarized above, the aim of the present study is to systematically extend the investigation of the impact of methionine oxidation on the conversion process of human PrP. Since the high number of Met residues within human PrP prevents to confer site-specificity in the changes using chemical oxidation approaches, we focused this study on the comparison of metal-induced oxidation of wt human PrP (121-231) with that of pseudosulfoxidated PrP molecules in the context of previous mutagenesis experiments. 17, 18 By site-directed serine replacement of all surface exposed Met residues, we suggested to form an intermediate species that resembles the partially oxidation state immediately before the so far buried residues Met205 and Met206 become accessible for ROS. Additionally, we mimicked the sulfoxidation-based hydrophobicity increase at the polymorphic residue Met129 by site-directed threonine replacement. Thus, the previous PrP pseudosulfoxidation approaches were combined and extended in this study, forming folding intermediates that provide new opportunities for the investigation of the misfolding cascade of PrP.
Results

Design of human prion protein mutants
To investigate the impact of methionine oxidation on the oxidative-induced conversion process of PrP, we focused on wild type human PrP 121-231, which only comprises the well-folded C-terminal domain that is directly involved in the conformational change. Previous studies reported that the unstructured N-terminal domain did not significantly influence the destabilization of the native PrP fold if induced by site-specific mutation or by oxidation. 19, 25 Additionally, we designed two pseudosulfoxidation mutants to mimic methionine oxidation at selected, surface exposed Met residues, which should enable a site-specific investigation of the structural consequences of oxidation at solvent accessible methionines only. The strategy to provide a property of a chemical covalent modification by mutation against a suitable residue is well established to mimic phosphorylation and also sulfoxidation. 17, 29 Moreover, serine was already reported as a suitable mimic of MetO, since its hydroxyl group provides the polar charge of a sulfoxidized methionine while retaining its secondary structure propensities, even if the serine side chain is shorter than that of MetO. 17, 18 Based on wt hPrP 121-231, we thus generated a pseudosulfoxidation mutant containing the substitutions M129S-M134S-M154S-M166S-M213S (v-hPrP121-231), in which all surface exposed Met residues were replaced by serine residues (Fig. 1) . The highly buried Met205 and Met206 residues that are already known to be essential for proper PrP folding were not included. 17 The use of Ser maintains the direct comparability of our results with that previously reported by Lisa et al. (2010) , 17 who investigated the structural consequences of single M-to-S replacements (M134S, M154S, M206S, M213S) as well as of the double mutant M206S/M213S in hamster PrP. To evaluate the individual contribution of methionine oxidation at the polymorphic site Met129 to the structural destabilization of PrP, the site-specific mutant huPrP 121-231 M129T was additionally generated. Similar to Ser, threonine increases the local polarity, but mimics the structural demands of MetO better than Ser. Since the replacement with isosteric valine did not induce any structural instability at this position, 30 all resulting effects should be attributed only to the polarity increase within the M129T mutant.
Expression and characterization of human prion protein mutants
The proteins were expressed as inclusion bodies in E. coli, purified, and oxidatively folded into the cellular α-isoform.
21 SDS-PAGE analysis showed pure protein bands at the expected molecular weight of approx. 13 kDa, confirming the chain integrity ( Fig. 2A) . At a slightly acidic pH of 5.0, all solutions exhibited monodisperse behavior characterized by hydrodynamic protein radii (R H ) of about 1.8 ± 0.1 nm ( Table 1) . Assuming a roughly globular shape, the observed R H values corresponded to theoretical values calculated from the molecular masses, indicating a monomeric state of all proteins.
The conformational integrity of wt hPrP121-231 and its mutants was analyzed by far-UV CD spectroscopy. Distinct minima at a wavelength of 209 nm and 221 nm indicated a predominant α-helical fold of the wt protein and the M129T mutant, representing the typical conformation of cellular PrP (Fig. 2B) . 2 The M129T mutation seems to slightly stabilize the native state, as suggested by increased dichroic intensities compared with the wt spectrum, while the Θ 205 /Θ 220 ratio remains similar. In contrast, the enhanced polarity at the M-to-S replacement sites of v-hPrP121-231 resulted in an overall flattened CD curve that exhibited a single predominant minimum shifted to lower wavelength. The associated increase in the Θ 205 /Θ 220 ratio from 0.6 (wt and M129T mutant) to 1.2 strongly indicated that a partially unstructured state is formed. However, no indications for a gain in β-sheet structure as a consequence of reduced α-helix content have been obtained.
Structural conversion of wt hPrP121-231 by metalinduced oxidation
Recently we demonstrated that the site-specific oxidation of hPrP90-231, which resembles the PK resistant and amyloid forming core of PrP Sc , 31 induced fundamental conformational changes including the formation of soluble, highly β-sheeted, and oligomeric PrP isoforms. 21 These results encouraged us to comparatively investigate the aggregation tendency of hPrP121-231 under oxidative conditions, directly illustrating the impact of the unstructured N-terminal part (residues 90 to 120). Aggregation kinetics were monitored using our established in vitro aggregation assays that mimics increasing cellular oxidative stress in solution by metal-induced protein oxidation. 21, 32 The exponential decrease of the protein concentration in the supernatants of wt hPrP121-231 samples exposed to oxidation revealed a rapid time-dependent aggregation at 37 °C, accompanied by heavy protein precipitation (Fig. 3A) . The corresponding half-life of 3.7 min was significantly decreased compared with the aggregation rate of hPrP90-231 (T½ = 30 min) determined under identical conditions. 21 After 60 min of oxidation, soluble wt hPrP121-231 was no longer detected in the supernatants. Since the PrP structure remained unaffected by the applied buffer and temperature conditions in the absence of metal-induced oxidation ( Fig. 3A; Table 1 ), the observed aggregation process was directly linked to the proceeding copper-mediated redox reaction.
In contrast to hPrP90-231, 21 distinct soluble and stable oligomeric isoforms have not been detected by DLS on the pathway of oxidative hPrP121-231 aggregation. Within the first minute of incubation the monomeric and homogeneous hPrP121-231 starts to assemble into large heterogeneous aggregates of high molecular weight ( Table 1) . SDS-PAGE analysis revealed that these aggregates are mainly stabilized by non-covalent interactions (data not shown). Small amounts of disulphide bridged dimers and trimers have only been detected in the later course of the oxidation reaction. Since EDTA treatment did not affect the aggregates, a contribution of protein bound copper ions to the stabilizing interactions was not indicated.
However, the aggregation process of wt hPrP121-231 was associated with profound secondary structure changes. The α-helical CD signal characteristic for cellular PrP changed within the first minute of oxidation into a flattened curve (Fig. 3B) . The associated decrease of the Θ 205 /Θ 220 ratio from 0.6 to 0.4 together with the appearance of a single minimum around 215 nm indicated an increase in β-sheet structure. After 5 min of incubation, the soluble PrP concentration fell below the detection limit of the CD spectrometer due to the rapid aggregation process, preventing the determination of the secondary structure content at further time-points.
Structural conversion of hPrP121-231 mutants by metalinduced oxidation
Under identical oxidative conditions, the aggregation tendency of the M129T mutant (T½ = 8 min) and of v-hPrP121-231 (T½ = 24 min) is significantly reduced compared with that of wt hPrP121-231 (Fig. 3A) . Both proteins were not affected by the assay conditions in the absence of oxidative stress, correlating with a conserved overall structural stability. The increase in β-sheet structure also indicated for the M129T mutant after 1 min of oxidation was less pronounced compared with the wt protein, as shown by a minor decrease of the Θ 205 /Θ 220 ratio from 0.60 to 0.55 (Fig. 3C) . Moreover, the partially unstructured, but still α-helix dominated fold of v-hPrP121-231 was detected by CD spectroscopy up to 30 min incubation under oxidative conditions without any obvious changes (Fig. 3D) , although only approximately 40% of v-hPrP121-231 remained in solution (Fig. 3A) . Further CD monitoring was prevented by the reduced PrP concentration in solution, as already observed for the M129T mutant after 5 min of incubation.
The exponential loss of soluble protein species indicates that oligomers and/or aggregates have also been formed during incubation of the M129T mutant and of v-hPrP121-231. However, the site-specific replacement of Met residues within hPrP121-231 caused alterations on the pathway of oxidative-induced aggregation compared with the wt protein. For the M129T mutant the degree of insoluble protein precipitation is reduced, but heterogeneous, non-covalently stabilized, high-MW aggregates were still detected, comparable with that of wt hPrP121-231 ( Table 1) . Removal of these aggregates by centrifugation resulted in the recovery of the corresponding monomeric DLS signal. Although the concentration of soluble protein is also exponentially decreased during oxidative incubation, the solution of v-hPrP121-231 showed no turbidity due to protein precipitation over the entire incubation period. Instead, an immediately formed stable and soluble PrP oligomer characterized by a hydrodynamic radius of approximately 16 nm was detected by a weak DLS signal, persisting up to 30 min in solution ( Table 1 ). The determination of the secondary structure content of this oligomeric species by CD spectroscopy failed due to its low concentration in solution, which is in contrast to a 60% loss of soluble protein after 30 min of incubation. However, the sticky nature of the oligomeric species that we observed during handling and isolation trials could explain the unexpected protein loss.
Discussion
The elucidation of the molecular mechanisms that determine the conversion of PrP as well as the identification and characterization of the toxic and/or infectious species remain to be the most critical challenges within the field of prion research. As observed for other neurodegenerative disorders, prion diseases are frequently associated with the deposition of amyloid-like protein inclusions, which were first thought to mediate the misfoldinglinked toxicity. 33 However, in the past years compelling evidence shifted the general focus in the search of the most toxic species from mature amyloid fibrils to soluble pre-fibrillar oligomers (dimers to 24-mers). [34] [35] [36] [37] [38] [39] The formation of structurally distinct amyloid aggregates that share a common "cross-β amyloid" conformation is nowadays proposed to be an inherent property of all proteins, 40 probably representing a prominent fold early in the evolution of life. 41 Several organisms have taken advantage of the amyloid fold by building functional amyloid structures. 42 In this context, mature amyloid aggregates are discussed to have a cytoprotective function by sequestering the soluble toxic oligomeric species that occur on the pathway of protein misfolding. 43, 44 Thus, prevention of the amyloid formation or solubilization of already formed amyloids may not be a valuable therapeutic strategy to treat protein misfolding diseases, 44 in contrast to previous suggestions. 45 The greater toxicities of oligomers are assumed to be mediated by their unique structural features, 46 but high-resolution knowledge of oligomer structures as well as a molecular understanding of their formation pathways is still lacking.
A large number of studies now indicate that oxidative stress is a suitable trigger for the structural destabilization of the cellular isoform of PrP, which might represent the initial event in the misfolding cascade. [13] [14] [15] 18, 19, 21, 27 In vitro, we and others previously showed that the extend of structural damage determines the population and stability of transitional folding intermediates that direct the misfolding pathway into PrP-specific oligomerization and/or amyloid formation as well as unspecific aggregation followed by precipitation. 18, 19, 21, 27 However, it is not clear if the oxidative posttranslational modification, particularly of Met residues, is the causative event that induces the misfolding cascade also in vivo. In this study we designed, produced, and investigated new pseudosulfoxidation mutants of human PrP 121-231 to analyze the impact of methionine oxidation on the structural destabilization as well as the consequences for the conformational transition of PrP in further detail.
Our investigation showed that pseudosulfoxidation of all surface exposed Met residues alters the native PrP fold. The v-hPrP121-231 mutant formed a stable, but partially unfolded state, characterized by a loss in α-helix content. It is questionable if this mutant resembles a specific folding state on the conversion pathway of PrP, or just a conformational burden. However, the even more extended simultaneous pseudosulfoxidation of all methionines in recombinant human PrP by replacement against the highly hydrophilic isosteric analog methoxinine (Mox) recently induced the formation of a β-sheet enriched PrP monomer with strong pro-aggregation behavior, which was suggested to be on the conversion pathway. 18 Unfortunately, the sequence of Met oxidation in vivo is not known so far. Differences in the oxidation state of PrP C and PrP Sc brain isolates are restricted to the buried helix-3 methionines Met205/Met206 and the partially buried Met213. [13] [14] [15] This could be explained by the in vivo action of methionine reductases at the accessible Met sites, 47 preventing the observation of a stepwise native PrP oxidation that is suggested to depend on the susceptibility of the individual Met residues within their local chemical environment. Except of the three (partially) buried methionines M205/M206/M213, all other surface exposed Met residues have not been associated with detectable structural changes as a consequence of their individual oxidation. 17 Thus, the v-hPrP121-231 mutant is expected to combine the conformational rearrangements already known for a single M213S substitution with the accumulated small effects induced by a polarity increase at M129, M134, M154, and M166, if any, mimicking the partially oxidized state before the buried Met residues within the helix-3 region become accessible to oxidation.
Indeed, the overall fold of the v-hPrP121-231 mutant shows striking similarities to monomeric molten globule species of PrP that were recently detected as a consequence of mild coppercatalyzed oxidation and of misfolding under acidic conditions. 19, 48 Consistently, the basic helical topology remained unchanged but in a less compact form. A gain in β-sheet conformation, as reported for the methoxinine variant of full-length hPrP, 18 was observed as a consequence of additional structural perturbation, highlighting the proposed role of Met205 and/or Met206 oxidation as a molecular switch for PrP conversion. [17] [18] [19] The initial unfolding process mimicked in our study by pseudosulfoxidation of the surface accessible methionines is suggested to slightly reposition the buried M205 and M206 into an oxidation accessible state, finally inducing the structural conversion. This is further supported by the recent observation that oxidation of Met205 and Met212 significantly perturbs the helix-3 interaction network within the hydrophobic core of mouse PrP. 19 Moreover, the well-defined oligomeric state detected in this study after metalinduced oxidation of v-hPrP121-231 shares a comparable size and stability with that reported by other in vitro studies applying different triggers for structural conversion. 19, 21, 27, 28, 49 The individual methionine oxidation at the polymorphic site Met129 does not induce any significant impairment of the consistent conformational properties reported for the α-isoforms of polymorphic Met/Val PrPs, 26 as revealed by the site-specific pseudosulfoxidation mutant hPrP121-231 M129T. Met129 is located in a chain region identified as an amyloid nucleating site. 50 If an adjacent charge-stabilized hydrogen bond is broken, the N-terminus of hamster PrP is pulled toward the existing β-sheet, which is suggested to promote an initial step within the conversion process. 51 However, the individual contribution of a single pseudosulfoxidation at this position was obviously not sufficient to significantly perturb the overall PrP structure.
Compared with wt hPrP121-231 both pseudosulfoxidation mutants show slower kinetics for structural conversion during metal-induced oxidation than expected, considering that these species should mimic already in part oxidized PrP molecules. This gain in stability that clearly depends on the extend of pseudosulfoxidation is mainly attributed to the disparity of the chemical groups introduced by real and pseudosulfoxidation. 9 Both Ser and Thr are accepted to be suitable mimics for the associated polarity increase, but do not provide the same sterical demands as methionine sulfoxide. Thus, pseudosulfoxidation most likely resulted in a slightly less destabilized folding state more up in the conversion pathway than obtained by native Met oxidation, associated with a reduced accessibility of the buried residues M205/ M206 for ROS, with is suggested to decelerate the subsequent conversion process. Particularly for v-hPrP121-231 we cannot rule out that the simultaneous pseudosulfoxidation created a conformation that is slightly different to that of natively oxidized PrP. However, since the conversion rate is already significantly reduced for the single M129T mutant, the slower conversion kinetics appear to be more likely a result of the disparity of the chemical groups.
Metal-induced oxidation of wt hPrP121-231 results in the formation of highly heterogeneous, unspecific aggregates. The aggregation rate is significantly increased compared with that of hPrP90-231, which favors PrP specific conversion and oligomerization, as previously shown. 21 A similar result was obtained monitoring the UV-induced oxidation of the same PrPs. 27 These differences are attributed to the ROS quenching capacity located at Met102, Met112, His106, and His111 within the unstructured N-terminal part that is present in hPrP90-231. 12 The sacrificial oxidation of these residues is suggested to reduce the level of oxidative stress that affects the folded C-terminal domain of hPrP90-231. This stabilizing effect could be enhanced by a recently proposed direct interaction of the structured part with the N-terminal domain of PrP that was so far considered to be highly flexible, 52 as well as by oxidation of other sensitive residues, e.g., tyrosines. 21, 27 In this context, v-hPrP121-231 has sacrificed more of the ROS quenching capacity than its wild-type counterpart, without increasing its aggregation rate, highlighting again the specific impact of methionine oxidation at surface exposed residues for PrP misfolding.
Taken together, our study indicates that v-hPrP121-231 resembles a specific folding state on the conversion pathway of PrP. In continuation of previous pseudosulfoxidation studies we show that the individual contribution of M129 oxidation to the structural destabilization is not significant. Since M213 is the only methionine accessible for ROS that is known to partly perturb the PrP structure following oxidation, this PrP residue is suggested to be mainly responsible for repositioning the buried M205 and M206 residues into an oxidation accessible state. Particularly the similarities of v-hPrP121-231 to other monomeric molten globule species and its PrP-like aggregation characteristics further strengthens the suggestion that a common misfolding pathway may be shared, if the PrP structure is destabilized by different triggers. 19 This is supported by the recent detection of methionine oxidation in the yeast prion Sup35, suggesting an impact of oxidative stress also in the conversion of soluble Sup35 into the aggregated PSI+ isoform, 53 as observed for a number of other protein misfolding diseases, including Alzheimer and Parkinson disease.
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Materials and Methods
Cloning and gene mutation
The DNA fragment coding for the C-terminal domain of human PrP spanning residues 121-231 (wt hPrP121-231) was amplified by PCR from a plasmid that contains the cDNA of hPrP90-231 and cloned into the prokaryotic expression vector pRSETA containing an N-terminal 6-fold His tag (Invitrogen). For the M129T substitution, a site-directed mutagenesis kit (Stratagene) was applied, while the replacement of the entire surface exposed Met residues (M129, M134, M154, M166, and M213) by serine residues was performed by site-directed mutagenesis of non-overlap extension PCR. Correct mutagenesis and insertion of the PrP coding DNA was verified by automated DNA sequencing.
Protein expression and purification
The generated plasmids were transformed into Escherichia coli BL21 (DE3) pLysS cells (Invitrogen). Protein expression and purification were performed as previously described. 21 However, the time for matrix-assisted folding of v-hPrP121-231 was increased by 2.5-fold to yield a soluble conformation. The homogeneity of the purified proteins and the correct folding was verified by SDS-PAGE and CD-spectroscopy, respectively. Protein concentrations were determined by absorption at a wavelength of 280 nm using the molar extinction coefficients ε 280 = 16.515 M -1 cm -1 for wt-hPrP121-231 and its mutants.
Oxidative-induced conversion of prion proteins
Structural destabilization and conversion of wild type human PrP121-231 and its mutants into misfolded isoforms was performed by metal-induced oxidation as previously described. 21 In brief, PrP aliquots (44 µM) in 10 mM sodium acetate buffer (pH 5.0) were aerobically incubated in the presence of solid copper pellets (16 mg in 60 µl solution) at 37 °C. Due to the oxidation of copper, ROS are continuously formed in solution during incubation, mimicking increasing oxidative stress, as established and validated in Redecke et al. (2007) . 21 After different time periods the copper pellets were removed to stop the redox reaction and the soluble monomeric and oligomeric PrP isoforms were separated from the highly aggregated and precipitated proteins by centrifugation for 45 min at 20 800 g. The remaining protein concentrations in the supernatants were determined by Bradford assay to calculate the aggregation rate. The obtained values were referred to control samples that did not contain copper pellets.
Circular dichroism (CD) spectroscopy
Far-UV (190-260 nm) CD-spectra were recorded using a Jasco J-715 spectropolarimeter (Jasco, Germany) equipped with a temperature-regulated sample chamber operating at 20 °C in a 1 mm optical pathlength quartz cuvette. Typically, a scanning rate of 100 nm/min and a step resolution of 1 nm were applied. Prior to CD measurements sample solutions were adjusted to a protein concentration of 7.6 µM in 5 mM sodium acetate buffer (pH 5.0). For each measurement five individual scans were averaged, the background spectrum of the corresponding buffer was subtracted, and the data were finally transformed into molar ellipticities (Θ).
Dynamic light scattering (DLS) measurements DLS measurements were performed using the Spectroscatter 201 (Molecular Dimension, UK) containing a helium-neon laser that operates at a wavelength of λ = 690 nm and a laser power of 10-50 mW. All measurements have been performed at a constant temperature of 20 °C and a scattering angle of 90° using 40 µl sample volumes in a quartz cuvette. An accumulation of 20 measurements per sample was recorded by using the autopilot function. The theoretic hydrodynamic radii and the molecular masses of both the monomeric and the aggregated prion proteins were calculated as previously described.
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